Left ventricular fibrosis occurs in congenital aortic stenosis. To investigate whether fibrosis is greatest in the subendocardial region, where there is presumably decreased blood flow relative to the subepicardial region, as shown in animal experiments, and whether the distribution of fibrosis in aortic stenosis differs from that in another afterload lesion with less limitation of myocardial blood supply, coarctation of the aorta, hearts from 10 children who died with congenital aortic stenosis and nine children who died with aortic coarctation were studied. No gross scarring was seen in the free left ventricular wall in any specimen. Sections of free left ventricular wall were taken at the level of the papillary muscle tips and stained with Masson trichrome, which colors fibrous tissue blue and muscle red. The slide was projected (magnified X 25) onto a grid of points 1 cm apart. The image was divided into three approximately equal sections, an inner, middle, and outer section. Points falling on muscle and fibrous tissue were counted and expressed as a percentage of all points falling on tissue. To examine microscopic interstitial fibrous tissue not associated with macroscopic scarring, photomicrographs were taken in each section of the heart (avoiding macroscopic areas of scarring), coded and quantitated by a similar counting technique. There was significantly more fibrosis in the inner third of the left ventricular wall in the hearts with aortic stenosis than in the middle or outer thirds (inner 23.4 ± 8.9%; middle 15.
SUMMARY Left ventricular fibrosis occurs in congenital aortic stenosis. To investigate whether fibrosis is greatest in the subendocardial region, where there is presumably decreased blood flow relative to the subepicardial region, as shown in animal experiments, and whether the distribution of fibrosis in aortic stenosis differs from that in another afterload lesion with less limitation of myocardial blood supply, coarctation of the aorta, hearts from 10 children who died with congenital aortic stenosis and nine children who died with aortic coarctation were studied. No gross scarring was seen in the free left ventricular wall in any specimen. Sections of free left ventricular wall were taken at the level of the papillary muscle tips and stained with Masson trichrome, which colors fibrous tissue blue and muscle red. The slide was projected (magnified X 25) onto a grid of points 1 cm apart. The image was divided into three approximately equal sections, an inner, middle, and outer section. Points falling on muscle and fibrous tissue were counted and expressed as a percentage of all points falling on tissue. To examine microscopic interstitial fibrous tissue not associated with macroscopic scarring, photomicrographs were taken in each section of the heart (avoiding macroscopic areas of scarring), coded and quantitated by a similar counting technique. There was significantly more fibrosis in the inner third of the left ventricular wall in the hearts with aortic stenosis than in the middle or outer thirds (inner 23.4 ± 8.9%; middle 15.1 ± 5.8%; outer 8.3 ± 2.2%). A similar but less striking increase in inner wall fibrosis was seen in coarctation of the aorta (inner 13.0 + 8.6%; middle 10.1 ± 5.8%; outer 6.2 ± 2.6%). There was significantly more fibrosis in the inner and middle layers of the hearts with aortic stenosis than in those with coarctation, but no difference in the outer layers between the two lesions. The amount of interstitial fibrous tissue was not significantly different in the three layers in aortic stenosis (inner 12.5 ± 5.3%; middle 13.4 ± 6.7%; outer 8.9 ± 4.2%) or in coarctation of the aorta (inner 9.3 ± 4.6%; middle 10.6 ± 4.1%; outer 6.5 ± 2.9%). There was significantly more fibrosis in the subendocardial than in the subepicardial region of the left ventricle in aortic stenosis, with similar distribution but lesser amounts of fibrosis in coarctation of the aorta. One possible explanation for this increased fibrosis might be decreased subendocardial blood flow, as seen in experimental aortic stenosis. The lesser degrees of fibrosis in coarctation of the aorta might result from the lesser reduction in myocardial blood supply due to the higher diastolic pressure and longer diastolic filling period compared with aortic stenosis. PATIENTS with severe aortic stenosis develop angina pectoris and even myocardial infarction as a result of increased demand for myocardial oxygen beyond the ability of the heart to supply coronary blood flow. The subendocardial region, which normally receives nearly all its blood flow during diastole, is especially vulnerable to myocardial ischemia in aortic stenosis. Buckberg et al.,' using a radioactive microsphere technique, showed in dogs that subendocardial blood flow decreases relative to subepicardial blood flow as supravalvar aortic stenosis is produced acutely. In human aortic stenosis that is both valvar and chronic, it is not known whether the distribution of fibrosis is greatest in the subendocardial region, where, presumably, disproportion between myocardial oxygen demand and supply is maximal. Schwartz et al.2 studied the microscopic distribution of fibrous tissue in needle biopsies of the left ventricle obtained intraoperatively from adults with aortic valve disease and reported slightly more fibrosis in the subendocardial than in the subepicardial regions. No attempt was made to quantify macroscopic areas of fibrosis.
We quantitatively examined the distribution of fibrosis in the wall of the left ventricle in patients with congenital aortic stenosis and compared this distribution with that in the hearts of patients with coarctation of the aorta, an afterload lesion that theoretically restricts coronary blood flow less than does aortic stenosis. We studied congenital aortic stenosis in children to avoid the presence of atherosclerotic epicardial coronary disease, which would be a complicating factor in the production and perhaps location of fibrosis in the left ventricular wall in older people.
Methods
The hearts of 10 patients with severe congenital aortic stenosis and nine with coarctation of the aorta were obtained from the Armed Forces Institute of epicardial coronary arteries were examined for the presence of obstructive lesions, the right ventricular free wall and left ventricular thicknesses were measured at the level of the papillary muscle tips, and the heart weights were recorded. Clinical information was obtained from the medical records.
To quantitate the distribution of fibrosis in the wall of the left ventricle, a point-counting technique was used. According to the basic principles of morphometry,3 counting the number of points overlying a structure results in a quantitative determination of the volume of the structure relative to the volume of the entire tissue under the square grid.
To quantitate the distribution of macroscopic areas of fibrous tissue in the left ventricular wall, 1-2-cm fullthickness sections of the left ventricular free wall were obtained at the level of the tips of the papillary muscles, but did not include the papillary muscles. These sections were cut into 10-g-thick subsections and stained with Masson trichrome, which colors fibrous tissue blue and muscle red. The image of the whole mount slide was projected through a standard Kodak 35-mm projector against a grid of points 1 cm apart at a distance that resulted in a final magnification of x25 ( fig. 1 ). The projected image was then divided with a marking pencil into three approximately equal sections: an inner, a middle and an outer section ( fig. 2 ). Points overlying muscle, fibrous tissue, vessels and empty spaces were then counted without knowledge of the type of lesion. The average number of points counted for each slide was 930, approximately 300 points for each section. Endocardium and epicardium as well as fragments of papillary muscle were excluded from the counting. Because the empty spaces were artifacts, points falling on empty spaces were excluded, and points falling on fibrous tissue, muscle and vessels were expressed as a percentage of all points falling on tissue in each section.
To quantitate the microscopic distribution of interstitial supporting fibrous tissue not associated with macroscopic scar, photomicrographs at x250 magnification were taken ( fig. 3 ). Nine fields were selected, three each from the inner, middle and outer sections, avoiding areas of macroscopic scar, endocardium and epicardium. These transparencies were coded and projected onto a grid of points 4 cm apart at a miagnification of X 25. Points overlying muscle, fibrous tissue, vessel walls and empty spaces were counted without knowledge of the section of the left ventricular wall from which the fields came or the type of lesion. The points falling on empty spaces were eliminated and points falling on muscle, fibrous tissue and vessel wall were expressed as a percentage of points falling on tissue. An average of 190 points per field were counted. To estimate the relative hemodynamic severity of the lesions, heart weights as well as left ventricular and right ventricular thickness were determined. Because of the wide age range, heart weight4 and left ventricular thickness5 were expressed as a ratio of the mean normal value for age. Because right ventricular thickness does not change appreciably with age, right ventricular thickness was not adjusted. The nonpaired t test was used to evaluate significance; p < 0.05 was considered significant. Results Table 1 lists the clinical information concerning these patients. Ten patients had aortic stenosis: four infants 5 weeks to 4 months old, and six children 5-17 years old. Nine patients had coarctation of the aorta: four infants 10 days to 15 weeks of age and five patients 2-33 years of age.
There were eight patients with valvular aortic stenosis, one with supravalvular aortic stenosis, and one with both valvular and supravalvular aortic stenosis. All patients with coarctation of the aorta had discrete areas of obstruction at the level of the ligamentum arteriosus without other significant intracardiac lesions. Seven of the nine patients with coarctation of the aorta had congestive heart failure.
There were no significant differences in the adjusted mean heart weight, right ventricular thickness, or left ventricular/right ventricular ratio in the aortic stenosis group and the coarctation of the aorta group (p < 0.10), although the aortic stenosis hearts tended to be heavier and to have higher left ventricular/right ventricular ratios than the coarctation hearts. The adjusted left ventricular thickness was significantly greater (p < 0.05) in the hearts from patients with aortic stenosis than in hearts from patients with coarctation. There were no gross lesions in the epicardial or intramural coronary arteries in either aortic stenosis or coarctation of the aorta.
On inspection of the cut surface of the left ventricle, gross scarring was seen in only two patients. Case 1502976 (table 1) was a 9-year-old boy with valvular aortic stenosis, a gradient of 100 mm Hg and scarring of the tips of the papillary muscles. Case 2611 (table I) was a 14-year-old boy with coarctation of the aorta repaired 6 years before death. The child died with endocarditis and a ruptured aortic cusp. There was fibrous streaking in the septum. No gross scars were seen in the free left ventricular wall in any patient. Table 2 lists the percentages of fibrous tissue, muscle and vessel wall in the inner, middle and outer sections of the macroscopic sections of the full thickness left ventricle in both groups.
In the hearts with aortic stenosis, fibrosis is greatest in the inner region and least in the outer region (p < 0.0005) ( fig. 4 ). In coarctation of the aorta, fibrosis is also greatest in the inner region compared with the outer (p < 0.025), but the difference is much smaller than in aortic stenosis. In coarctation, the one high value from a 2-year-old patient with 30% fibrosis in the inner wall makes the fibrosis significantly greater in the inner region than in the outer. Comparing the two lesions, there is significantly more 825 fibrosis in the inner and middle regions in aortic stenosis compared with coarctation, but no difference between the two in fibrosis in the outer section.
There is a reciprocal relationship between the muscle and fibrous tissue, with the least muscle in the inner and the most in the outer section in aortic stenosis. There were also significantly more vessels in the outer section than in the inner section of the left ventricle in patients with coarctation of the aorta (p < 0.0005) but not in those with aortic stenosis. Table 3 lists the findings in the microscopic sections. There is no significant difference in supporting interstitial fibrous tissue between any of the sections of the left ventricular wall in either aortic stenosis or coarctation of the aorta (fig. 5 ). In coarctation of the aorta, there are significantly more vessels in the outer sections of the left ventricular wall than in the middle and inner sections (p < 0.005).
Comparing the heart weight in multiples of normal mean heart weight for age with the percentage of macroscopic fibrosis in the inner section of the left ventricular wall, there was a weak positive correlation in aortic stenosis (r = 0.39). This was not seen in coarctation of the aorta (fig. 6 ).
Because we did not have a group of normal hearts from children of this age group it is possible that the amount of macroscopic and microscopic fibrous tissue seen in the left ventricles from the coarctation patients may be the same as that in normal subjects. This remains to be studied. 
LEFT VENTRICULAR WALL

Discussion
The macroscopic myocardial fibrosis in congenital aortic stenosis is greatest in the subendocardial region and least in the subepicardial region of the left ventricular wall. A similar distribution of increased inner wall fibrosis is seen in coarctation of the aorta, but to a much lesser degree. The reason for this distribution is not entirely clear, although the distribution is as predicted by the decrease in subendocardial relative to subepicardial blood flow seen in experimental aortic stenosis in animals. ' In aortic stenosis, there is increased myocardial oxygen demand as a result of increase in systolic wall tension due to increased left ventricular systolic pressure, increased systolic ejection time and increased left ventricular mass. The myocardial blood supply is limited by increased coronary vascular resistance during systole, as well as by a decreased diastolic filling period and a relatively low diastolic coronary perfusion pressure that are seen in both supravalvular and valvular aortic stenosis. Normally, blood flow to the subendocardial region is maintained by autoregulatory vasodilation reducing vascular resistance and increasing flow to compensate for the shorter time of perfusion during each cardiac cycle. Because myocardial oxygen extraction is normally near-maximal with left ventricular hypertrophy, the increased requirement for myocardial blood flow is met by vasodilation.
In severe aortic stenosis, there may be maximal vasodilation in the subendocardial region due to increased oxygen demand. When this occurs, coronary blood flow is dependent on the coronary diastolic blood pressure, which is normal or even lower than normal, and the diastolic filling time, which is decreased as a result of the increased systolic ejection period. Also, the pressure drop across the myocar- LEFT VENTRICULAR WALL nay be further decreased by an elevated left venmacroscopic fibrosis that we observed between the two ,r end-diastolic pressure due to left ventricular conditions. rophy. Because these problems in myocardial
There are other possible explanations for the flow are similar in valvular as well as supra-difference in inner wall fibrosis between aortic stenosis ar aortic stenosis, we felt justified in including and coarctation of the aorta. The patients with aortic o cases of supravalvular aortic stenosis in our stenosis might have had more severe hemodynamic group. lesions than those with coarctation of the aorta; coarctation of the aorta, the diastolic blood hemodynamic severity of the lesion can be estimated re is higher than normal and the diastolic filling at autopsy by its effect on the left ventricle. There was is longer than in aortic stenosis. Consequently, no significant difference in the mean heart weights yocardial blood supply should be greater. This between the two groups, although the hearts from the n part account for the differences in inner wall patients with aortic stenosis tended to be heavier than those from patients with coarctation. The hemodynamic severity of the coarctation of the aorta was sufficient, however, to result in congestive heart failure * AORTIC STENOSIS in seven of the nine patients. VOL 62, No 4, OCTOBER 1980 collagen in the left ventricle but not the concentration of collagen as estimated by hydroxyproline measurements. In aortic stenosis, the concentration of collagen in the left ventricle was increased, indicating an increase in collagen out of proportion to the increase in left ventricular mass. O'Keefe et al. 7 showed an increased coronary vascular resistance in all layers of the left ventricular wall in experimental left ventricular hypertrophy in dogs, even with maximum vasodilation, which would further limit coronary blood supply, especially to the subendocardial area.
Coronary vascular lesions in both epicardial and intramural coronary arteries would be another possible explanation for increased subendocardial fibrosis. Naeye and Liedtke8 examined 20 hearts from patients with aortic stenosis without epicardial coronary disease. Twelve had had subendocardial infarctions at surgery; and in nine, there were extensive infarctions.
They attributed this subendocardial vulnerability at the time of surgery to the presence of proliferative intimal lesions in the intramyocardial coronary arteries 80-400 u in diameter. Their patients, however, were 38-69 years old, and one-third had mitral stenosis, indicating rheumatic heart disease. The incidence of these intimal lesions increased progressively from the endocardium, starting in the second decade of life, to the epicardium by the fifth to sixth decade. We saw no such lesions in the intramural coronary arteries, and because all of our patients had congenital aortic stenosis and were 17 years of age and younger, this probably does not explain the marked degree of inner wall fibrosis we observed.
Vlodaver and Neufeld9 found marked intimal thickening in epicardial coronary arteries in patients 2-30 years old who had coarctation of the aorta. Although we did not see these changes in the vessels we examined, we did not do on our specimens the type of careful measurements they did in their study. These lesions might explain the vulnerability of the subendocardial region in coarctation of the aorta, but would not explain the lesser extent of inner wall macroscopic fibrosis we observed in coarctation of the aorta compared with aortic stenosis.
Schwartz et al.2 reported the quantitative distribution of interstitial fibrosis in the wall of the left ventricle from biopsy specimens taken at valve replacement in 13 patients 34-59 years old who had aortic stenosis or predominant aortic stenosis and aortic insufficiency. They found an average of 19% subendocardial interstitial fibrous tissue, which is similar to what we found microscopically. The interstitial fibrosis in these older patients in the subepicardial areas was 13%, which is higher than we found. Because their biopsies did not avoid macroscopic areas of fibrosis, their values for the subendocardial fibrosis may include some areas of scar. No attempt was made to quantitate the distribution of macroscopic fibrosis in the wall of the left ventricle. They also found no signifi-cant correlation before operation between the percent of microscopic fibrosis and ejection fraction or mean normalized systolic ejection rate, but did find a significant inverse relation between left ventricular mass and ejection fraction and mean normalized systolic ejection rate. They concluded that increased interstitial myocardial fibrous tissue is not a primary determinant of depressed cardiac function in aortic valve disease.
In conclusion, we found an increased macroscopic fibrosis in the inner third of the left ventricle in patients who died with congenital aortic stenosis, with progressively less macroscopic fibrosis in the middle and outer layers of the left ventricle. A similar distribution of macroscopic fibrosis was seen in the hearts of patients who died with coarctation of the aorta, but the magnitude of the fibrosis and the difference between inner and outer layers were less.
There is a weak positive correlation between the percentage of fibrosis in the inner third of the left ventricular wall and heart weight in aortic stenosis but not in coarctation of the aorta. Although we did not investigate why it occurs, this subendocardial macroscopic fibrosis is consistent with the experimental animal evidence of decreased subendocardial relative to subepicardial blood flow with increasing supravalvular aortic obstruction. The importance of this macroscopic subendocardial fibrosis in irreversibly reducing left ventricular function is not known, but the presence of subendocardial fibrosis in patients with severe congenital aortic stenosis supports the argument for early operative relief of obstruction. The extent and distribution of fibrosis in the wall of the left ventricle in children dying without heart disease ("normals") as well as in other afterload and preload lesions should be studied.
